Transient CFD modelling of low-temperature spontaneous heating behaviour in multiple coal stockpiles with wind forced convection by Zhang, Jian et al.
University of Wollongong
Research Online
Faculty of Engineering and Information Sciences -
Papers: Part A Faculty of Engineering and Information Sciences
2016
Transient CFD modelling of low-temperature
spontaneous heating behaviour in multiple coal
stockpiles with wind forced convection
Jian Zhang
University of Wollongong, jz164@uowmail.edu.au
Yuntao Liang
Shenyang Branch of China Coal Research Institute
Ting X. Ren
University of Wollongong, tren@uow.edu.au
Zhongwei Wang
University of Wollongong, zhongwei@uow.edu.au
Gongda Wang
University of Wollongong, Mine Safety Technology Branch of China Coal Research Institute, gongdaw@uow.edu.au
Research Online is the open access institutional repository for the University of Wollongong. For further information contact the UOW Library:
research-pubs@uow.edu.au
Publication Details
Zhang, J., Liang, Y., Ren, T. X., Wang, Z. & Wang, G. (2016). Transient CFD modelling of low-temperature spontaneous heating
behaviour in multiple coal stockpiles with wind forced convection. Fuel Processing Technology, 149 55-74.
Transient CFD modelling of low-temperature spontaneous heating
behaviour in multiple coal stockpiles with wind forced convection
Abstract
Spontaneous heating of coal stockpile has long been a thermal dynamic hazard during coal storage,
processing, and transport. A transient non-equilibrium thermal CFD model has been developed to study the
low-temperature self-heating behaviour of coal in multiple stockpiles under different prevailing wind
conditions. Modelling results from the initial steady wind flow simulation indicate that a wake region can be
induced on the leeward side of each coal stockpile. Pressure coefficient drops when the wind stream
encounters or leaves a stockpile and the pressure coefficient profiles of multiple stockpiles tend to have more
resemblance with a wider spacing. The first stockpile acts like a wind barrier to the adjacent stockpiles and the
maximum temperature of it tends to be the first approaching the critical temperature. A 'hot spot' will develop
and then migrate towards deep regions in each of these stockpiles that are loosely compacted under higher
wind velocity conditions. Wind velocity and porosity of stockpile have significant influences on self-heating
behaviour of the stockpiles and transport pattern of gaseous products liberated by coal oxidation. Compacting
stockpiles from loosely packed scenario to slightly packed scenario might not be able to slow down the
temperature rising rate at low-temperature range but could considerably minimize the volume of deteriorated
coal. The highest temperature rising profiles of the stockpiles located in downwind side can approach to that
of the first stockpile, particularly when they are more widely stacked. Stacking coal stockpiles as close as
practically possible is recommended to maximise the "protection" of adjacent stockpiles but would cause
undesirable accumulation of carbonic gases. Stockpiles in low height and gentle slope will have a prolonged
safe storage period, especially for the first stockpile directly facing the wind direction. However, it may not
slow down the self-oxidation process of the adjacent stockpile at very initial stage due to "weakened
protection" of the first stockpile. This study has practical reference to coal industry especially where multiple
coal stockpiles require to be constructed.
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Abstract 7 
Spontaneous heating of coal stockpile has long been a thermal dynamic hazard during coal storage, processing, 8 
and transport. A transient non-equilibrium thermal CFD model has been developed to study the low-temperature 9 
self-heating behaviour of coal in multiple stockpiles under different prevailing wind conditions. Modelling 10 
results from the initial steady wind flow simulation indicate that a wake region can be induced on the leeward 11 
side of each coal stockpile. Pressure coefficient drops when the wind stream encounters or leaves a stockpile 12 
and the pressure coefficient profiles of multiple stockpiles tend to have more resemblance with a wider spacing. 13 
The first stockpile acts like a wind barrier to the adjacent stockpiles and the maximum temperature of it tends to 14 
be the first approaching the critical temperature. A ‘hot spot’ will develop and then migrate towards deep 15 
regions in each of these stockpiles that are loosely compacted under higher wind velocity conditions. Wind 16 
velocity and porosity of stockpile have significant influences on self-heating behaviour of the stockpiles and 17 
transport pattern of gaseous products liberated by coal oxidation. Compacting stockpiles from loosely packed 18 
scenario to slightly packed scenario might not be able to slow down the temperature rising rate at low-19 
temperature range but could considerably minimise the volume of deteriorated coal. The highest temperature 20 
rising profiles of the stockpiles located in downwind side can approach to that of the first stockpile, particularly 21 
when they are more widely stacked. Stacking coal stockpiles as close as practically possible is recommended to 22 
maximise the “protection” of adjacent stockpiles but would cause undesirable accumulation of carbonic gases. 23 
Stockpiles in low height and gentle slope will have a prolonged safe storage period, especially for the first 24 
stockpile directly facing the wind direction. However, it may not slow down the self-oxidation process of the 25 
adjacent stockpile at very initial stage due to “weakened protection” of the first stockpile. This study has 26 
practical reference to coal industry especially where multiple coal stockpiles require to be constructed. 27 
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Nomenclature 33 
Cp Specific heat capacity J kg-1 K-1 
D Mass diffusion coefficient of specie in gas mixture kg m2 s-1 
DT Thermal diffusion coefficient of specie in gas mixture kg m2 s-1 
Ea Apparent activation energy kJ mol-1 
ΔH Heat of coal oxidation kJ mol-1 O2 
n Apparent order of reaction 
 
A Arrhenius pre-exponential factor (kmol/m3)1-ns-1 
R Universe gas constant kJ mol-1 K 
r Consumption rate of oxygen kmol m-3 s-1 
T Temperature K 
t Time s 
?⃗? Gas flow velocity vector 
 
C Gas species concentration kmol m-3 
P Pressure Pa 
k Permeability of the coal matrix m2 
g Gravitational acceleration m s-2 
d Diameter of coal particle m 
V Wind velocity m s-1 
h Heat transfer coefficient W m-2 K-1 
?⃗? Body force vector N m-3 
H Height m 
(x, y) Cartesian coordinates m 
Greek letters   
ρ Density kg m-3 
ε Porosity  
λ Thermal conductivity W m-1 K-1 
μ Gas viscosity kg m s-2 
𝜏 Viscous stress tensor N m-2 
Subscripts   
g Gas  
c Coal  
a Ambient  
o Oxygen  
i Carbon dioxide  
j Carbon monoxide  
R Reference  
φ Pressure coefficient  
 34 
 35 
1 Introduction 36 
A number of large open cut coal mining operations in Queensland of Australia are expected to commence in the near 37 
future. High volume of coal requires temporarily stored as one or multiple stockpiles in a storage yard of a coal mine site 38 
or a port before they can be transported to other destinations. Coal, as a carbonaceous material, is able to be oxidised and 39 
to liberate heat at ambient temperature with the presence of oxygen rich air [1-4]. Self-heating of coal stockpile will 40 
occur if the heat generated by coal oxidation is not adequately dissipated. The accumulated heat will result in a slow 41 
rising of temperature at the initial stage of coal oxidation. Once the temperature reaches a critical value which was widely 42 
reported to be 60~120oC, thermal runaway would occur and the self-heating rate of coal is very likely to take off in a 43 
relatively short period of time [5-11]. Therefore low-temperature coal oxidation is a very critical stage with concern of 44 
preventing coal spontaneous combustion. Self-heating of coal in stockpiles has long been regarded as a safety concern 45 
and additionally, pre-oxidation of coal would incur considerable loss of coal calorific value and seriously affect caking 46 
property [12-14]. More recently the liberation of large amounts of greenhouse-relevant gases and hazardous substances, 47 
such as arsenic, mercury, and lead from coal stockpile combustion or oxidation has raised considerable concerns from 48 
global communities [15-18]. Despite the long history of the problem, it has also been accepted that the physical and 49 
chemical processes responsible for this problem is extremely complex [12]. Derivation of an analytical solution to the 50 
problem would be a formidable or even impossible task and consequently, the problem is often addressed numerically. 51 
Prior to the availability of high performance fluid-thermodynamics computation code, several preliminary mathematical 52 
models have been developed to investigate the issue numerically [19-33]. These studies provided valuable insights into 53 
this problem but the accuracy and applicability is questioned because these models were derived with many 54 
simplifications and limitations.  55 
 56 
To date with the advance of Computational Fluid Dynamics (CFD) modelling techniques, predictable interpretation of 57 
self-heating of piled carbonaceous material within reasonable engineering accuracy becomes more approachable [9, 14, 58 
34-41]. Among these works, Moghtaderi et al. [34]studied the effects of wind on self-heating behaviour of coal stockpile 59 
and found forced convection plays a critical role in dynamics of flow field inside the stockpile and thereby affects the 60 
self-heating process. Yuan and Smith studied effects of coal properties on self-heating problem in underground coal mine 61 
goaf areas by a CFD model and later on developed a 3D equilibrium thermal model to simulate spontaneous heating in a 62 
large-scale coal chamber with a forced ventilation system [35, 36]. Ejlali et al. [37] improved preceding models by 63 
employing a non-equilibrium thermal approach and found the maximum temperature is a function of porosity of porous 64 
pile, moisture content and Darcy number. Taraba and Michalec [38] numerically investigated the effects of longwall 65 
advance rate on spontaneous heating in goaf areas by a CFD model. Kim and Sohn [40] numerically validated a novel 66 
method to suppress spontaneous ignition of coal stockpiles in a coal storage yard. Zhu et al. [9] proposed a theoretical 67 
model to predict the incubation period and location of hot spot of a coarse coal stockpile. Taraba et al. [39] modelled real 68 
fluctuations of the wind flow and observed a movement of hot spot if full buoyancy effect was activated. Yang et al. [14] 69 
proposed a two-dimensional model to investigate the effects of coating the bottom of coal stockpile with fine particles to 70 
control self-heating hazard. Xia et al. [41] also used the CFD code to simulate the self-heating process of residual coal in 71 
longwall goaf. In addition considerable parametric studies have been conducted by these models and a number of 72 
practical suggestions were delivered to coal industry. Numerical solutions to self-heating of coal stockpile usually only 73 
deal with a single coal stockpile scenario but practically, multiple stockpiles are probably required to be stacked in 74 
storage yard of a coal mine or a port to increase storage capacity. Coal stockpiles stacked in these places may be subject 75 
to long period of exposure of wind flow which has been demonstrated to have significant influences on self-heating 76 
behaviour of stockpiled coal [9, 34, 39]. Therefore self-heating behavior of multiple stockpiles which are packed in 77 
proximity requires to be studied especially at low temperature range with prevailing wind conditions. The purpose of this 78 
work is to investigate the low-temperature self-heating characteristics of multiple coal stockpiles under wind flow 79 
condition and with validation, to perform variable analysis to gain more understandings of the problem in multi-stockpile 80 
scenario. 81 
2 Brief mechanism of spontaneous heating of coal stockpile  82 
A coal stockpile is essentially a porous medium consisting of heterogeneous coal particles and the voids between coal 83 
pellets are filled with mixture of fresh air and gaseous products liberated by coal oxidation. Interaction of coal with 84 
oxygen including coal oxidation and oxygen adsorption at low temperature is exothermic as a whole although it could be 85 
endothermic at some steps [1, 42]. Several studies demonstrated that the interaction of coal with water like wetting can 86 
also generate heat and it reaches to a general consensus that moisture exhibits either promoting or inhibiting effects on 87 
coal oxidation rate but fundamental mechanism especially to a kinetic sense is scarce [1, 43-46]. As chemical effects of 88 
moisture were not understood completely, a few numerical models were developed to investigate only physical effect of 89 
moisture on self-heating of coal stockpile and it was indicated interaction of coal with moisture is an efficient heat 90 
transfer mechanism in which the vaporisation and diffusion of water from a hot region, followed by condensation in a 91 
cooler region, is accompanied by a considerably higher effective rate of heat transfer than that which can occur by 92 
conduction alone [21, 26, 37, 47]. The efficient heat transfer mechanism was also termed as “heat pipe” effect in some 93 
literatures and the “heat pipe” effect usually manifested itself by leading to a levelling of temperature (80~90oC) in a coal 94 
stockpile [21, 26]. It was also reported the heat generated by coal oxidation would dominate with progressive drying of 95 
coal and hence it is safe to argue that the major heat generation mechanism responsible for self-heating is coal oxidation 96 
[12]. Therefore it is plausible to ignore effects of moisture within temperature ranges below the levelling temperature 97 
exerted by “heat pipe” effect. The generated heat is transported into and out of the stockpile by conduction, convection, 98 
and radiation. If the rate of heat generation is greater than the rate at which heat can be dissipated in the external 99 
environment, it will lead to localised temperature rise and even smouldering/open flame for a long run. Heat conduction 100 
occurs between gas-to-gas, gas-to-coal, and coal-to-coal. The low thermal conductivity of coal is the main reason why 101 
thermal energy can be well contained in the deep stockpile and cause temperature rising. Heat convection occurs between 102 
coal to gas and the efficiency of heat convection is mainly determined by velocity of gas advection within inter-particle 103 
channels. Whilst heat radiation could be a major contributor in the surface of stockpile because of solar energy it 104 
absorbed but in deep stockpile heat radiation can be negligible [48]. 105 
 106 
The air stream inside of stockpile can be constantly replaced through wind advection and diffusion caused by oxygen 107 
consumption of coal because oxygen consumption reduced the concentration resulting in diffusion if reaction rate is not 108 
the same everywhere. Convective movement can be caused by both natural convection and forced convection due to 109 
presence of pressure gradient and it has been indicated airflow driven be pressure gradient is a major transport 110 
mechanism in porous coal [49]. Diffusive movement is also capable of dispersing gas molecules in or out of coal intra-111 
particle pores. Irrespective of complex pore structure of coal, this study adopts a global surface reaction mechanism so 112 
gas transport mechanism in micro-structures like gas diffusion into inner pores is not considered. Besides the main 113 
features described above, self-heating process of coal stockpile is also affected by exterior conditions through wind, rain, 114 
snow, ambient temperature and solar radiation [12]. Due to the extremely irregularity of meteorological conditions, 115 
effects of extrinsic factors except for wind flow are not scope of this study. 116 
3 The mathematical model 117 
On basis of the mechanistic understanding of self-heating of coal stockpile, the core constituents of the mathematical 118 
model should include description of low-temperature coal oxidation kinetics, energy conservation, species transport, 119 
momentum balance and continuity equations for fluid flow in porous medium. For the simplicity of the solution, terms of 120 
heat radiation and effect of moisture are not included in the model. 121 
3.1 Low-temperature coal oxidation kinetics 122 
The most intriguing puzzle would be the low-temperature interaction of coal with oxygen because of complex nature of 123 
coal. Despite of the mechanism of coal oxidation having not been completely solved, briefly two parallel interaction 124 
sequences were identified: one is direct burn-off and another one is adsorption sequence [1]. Solid and gaseous products 125 
are also concomitant during the two sequences and details of them are omitted here. To define coal-oxygen reaction rate 126 
with elevated temperature to a mathematical sense, a simple finite rate Arrhenius reaction mechanism is often used [9, 35, 127 
36, 38, 39, 41], which is given, 128 
𝑟 = 𝐴[𝐶o]
𝑛exp(−𝐸a 𝑅𝑇⁄ )   (1) 129 
It is assumed that oxygen can penetrate throughout the coal without diffusional limitation and the reaction mechanism 130 
between gas and solid phases is deemed as a homogenous gas phase reaction [11]. The value of the reaction order in low 131 
temperature oxidation of coal and other carbonaceous materials has been indicated to vary from 0.5 to 1 [12, 47]. This 132 
model approximates first order of coal oxidation. It has also been reported that the value of apparent activation energy of 133 
different coals can vary between 12 and 95 kJ/mol [36] and more specific values of activation energy for low temperature 134 
coal oxidation can be found in the review work conducted by Wang and co-workers [1]. Taraba and Michalec [38] 135 
discussed the pre-exponential factor is of the greatest uncertainty giving ordinarily values differing over several orders 136 
and another study also indicated the pre-exponential factor has a typical value between 1 and 7×105/s [35]. It can be also 137 
seen the rate of coal oxidation is not only affected by the Arrhenius constants but also by partial pressure of oxygen at a 138 
given reaction order and temperature. Therefore any solid coal-oxygen complex produced during low-temperature coal 139 
oxidation would not affect the rate of oxidation if Arrhenius-rate reaction mechanism is assumed. Based on experimental 140 
data, Yuan and Smith [35, 36] generalised that consuming one mole of oxygen by coal would generate one mole carbon 141 
dioxide and roughly 0.1 mole carbon monoxide plus heat at the early stage of coal oxidation, which yields a very 142 
simplified stoichiometric scheme of low-temperature coal oxidation: 143 
Coal + O2 → CO2 + 0.1CO + Heat  (2) 144 
This model also employs this coal oxidation reaction scheme at low temperature range. Kaji et al. [2] measured the rates 145 
of heat liberation and oxygen consumption due to coal oxidation at low temperature range using coals ranging from 146 
subbituminous to anthracite and 300~379 kJ heat evolved per mole of oxygen at steady state was reported. Many works 147 
[23, 28, 29, 36, 41] used 300 kJ/mol oxygen as coal oxidation reaction heat so this model also uses such a value as 148 
reaction heat at low temperature range. 149 
3.2 Energy conservation 150 
Normally heat of chemical reaction is liberated due to variation of enthalpy between reactants and products. It is usually 151 
the case when modeling extremely drastic reaction like fuel combustion. Coal oxidation rate at low-temperature is 152 
however very slow and therefore the heat generated by coal oxidation is modeled as a source term and written as a User 153 
Defined Function (UDF). To be more realistic to describe heat interaction inside coal stockpile, heat transfer between 154 
coal particles should be treated in a non-equilibrium approach. The temperature differential between the solid coal 155 
particle and gas stream is important in the thermal behaviour and it is thus necessary to represent the energy stored in 156 
each individual phase as well as the exchange of thermal energy between them, which gives energy conservation for 157 
solid coal pellet: 158 
(1 − 𝜀)𝜌c𝐶pc
𝜕𝑇c
𝜕𝑡
= (1 − 𝜀)𝜆c∇
2𝑇c +
6(1−𝜀)
𝑑𝜀
ℎ(𝑇g − 𝑇c) + 𝑟∆𝐻  (3) 159 
In which the successive terms represent internal energy growth of coal particle, heat diffusion in solid coal, heat 160 
convection interacted with gas stream, and heat generated by coal oxidation which is a source term. In view of 161 
temperature variation is not significant in low-temperature self-heating of coal stockpile and to produce a faster 162 
convergence, many models assumed the validity of the Boussinesq approximation [9, 21, 25-27, 30]. This approximation 163 
essentially states that the temperature variation of the fluid properties can be ignored except for the density, and that the 164 
density dependence is only considered when it gives rise to buoyancy convection in natural convection driven flows [12]. 165 
However Boussinesq approximation is not suggested to be used with species calculation and reacting flow involved 166 
otherwise accuracy of result is very likely to become inacceptable [50]. Therefore ideal compressible gas flow is 167 
considered and energy balance for the gas stream is written as: 168 
𝜀
𝜕
𝜕𝑡
(𝑇g𝜌g𝐶pg) + ∇[?⃗?(𝑇g𝜌g𝐶pg + 𝑃)] = 𝜀𝜆g∇
2𝑇g −
6(1−𝜀)
𝑑𝜀
ℎ(𝑇g − 𝑇c)  (4) 169 
In which the successive terms represent transient energy rise of gas stream, heat convection of gas stream, heat diffusion 170 
in gas stream, and heat convection interacted with solid coal. 171 
3.3 Species conservation 172 
Nitrogen is neither consumed nor produced during whole process of self-heating so species conservation is mainly 173 
focused on oxygen, carbon dioxide, and carbon monoxide in gas stream according to the assumed reaction scheme, 174 
which give rise to the species conservation: 175 
{
 
 
 
 For oxygen: 𝜀
𝜕(𝜌𝐶o)
𝜕𝑡
+ 𝜀∇(𝜌?⃗?𝐶o) − ∇ (𝜌𝐷o∇𝐶o + 𝐷T,o
∇𝑇
𝑇
) + 𝑟 = 0
For carbon dioxide: 𝜀
𝜕(𝜌𝐶i)
𝜕𝑡
+ 𝜀∇(𝜌?⃗?𝐶i) − ∇ (𝜌𝐷i∇𝐶i + 𝐷T,i
∇𝑇
𝑇
) − 𝑟 = 0
For carbon monoxide: 𝜀
𝜕(𝜌𝐶j)
𝜕𝑡
+ 𝜀∇(𝜌?⃗?𝐶j) − ∇(𝜌𝐷j∇𝐶j + 𝐷T,j
∇𝑇
𝑇
) − 0.1𝑟 = 0
  (5) 176 
In which the successive terms represent the local accumulation of species, the convective transport of species, the 177 
diffusion term of species caused by variation of species concentration and temperature, and the fraction consumed or 178 
produced by coal oxidation. 179 
3.4 Momentum balance in porous medium 180 
Navier-Stokes equation is normally used to describe momentum balance for compressible flow as density of fluid varies 181 
with temperature and elapsing of time in this case. Revise Navier-Stokes equation by adding viscous term (last term in 182 
Equation 6) to solve flow momentum balance in porous stockpile, which produces: 183 
𝜕
𝜕𝑡
(𝜌g?⃗?) + ∇(𝜌g?⃗??⃗?) = −∇𝑃 + ∇(𝜏) + ?⃗? − 𝜀
𝜇
𝑘
?⃗?  (6) 184 
The permeability k of coal matrix is approximated by the Carmen–Kozeny equation for laminar flow in packed beds [51]: 185 
𝑘 =
𝜀3𝑑2
150(1−𝜀)2
  (7) 186 
3.5 Continuity in porous medium 187 
Mass change of bulk coal due to coal oxidation at low temperature is ignored. This model also assumes isotropic porous 188 
medium and therefore for single phase flow in isotropic porous medium, the continuity equation can be written as: 189 
𝜕𝜌
𝜕𝑡
+ ∇(𝜌?⃗?) = 0  (8) 190 
4 Numerical modelling and validation 191 
4.1 Numerical model 192 
The geometry of the stockpile is considered to be a truncated pyramid. Three identical stockpiles, namely A, B, C, are 193 
constructed with a specific height & side slope and they are located within a certain distance. The length of the stockpile 194 
is 40m. The effects of wind velocity, stockpile height, side slope, porosity, and spacing will be comparatively studied. A 195 
base model is selected with details: 4m/s wind velocity, 10m high, 50o side slope, 0.2 porosity and 20m spacing. The 196 
model consists of two domains: (i) coal stockpile is treated as porous domain and, (ii) the remaining domain is 197 
considered as a farfield representing the open space around the stockpiles. The upper and lower boundaries are deemed 198 
as adiabatic and no-slip walls. To minimize the limitation of upper wall and outlet boundaries on the flow field around 199 
the stockpile, the farfield domain must be sufficiently large. Based on the rule of thumb of large model simulation, the 200 
dimension of the farfield domain is decided to be 50m high and 400m long, refer Fig. 1. The geometries of the two 201 
domains and mesh of the model is generated via ANSYS 15.0 workbench design modeler and mesh tool, respectively. To 202 
utilize non-equilibrium thermal model in porous zone, mesh must be created in very high standard. When activate this 203 
model, a fake solid zone which overlaps the porous fluid zone is created, and this solid zone only thermally interacts with 204 
the fluid. The discretized mesh generated for the base model via the described method is shown in Fig. 2. Quadrilateral 205 
mesh with 1m global sizing is used to fill farfield region as show in Fig. 2 (a). As can be observed in Fig. 2 (b), down to 206 
near surface of stockpile, 40 thin layers (each layer is 0.1m thick) are inflated because this area is expected to be the 207 
preferable location of self-heating. Further deep into stockpile 0.5 m local sizing trilateral mesh is used to fill irregular 208 
region to meet high standard mesh requirement, otherwise connectivity between fluid zone and fake solid zone will result 209 
in immediate error once non-equilibrium thermal model is activated.  210 
 211 
Inlet wind profile is modelled as wind power law (refer Equation 9), which essentially states wind velocity progressively 212 
approaches to zero at ground surface. Wind velocity of any height can be determined via wind velocity at a reference 213 
height. In this study reference height is 10m and wind velocity refers to the wind velocity at reference height. Wind 214 
velocity profile of the farfield of the base model is shown in Fig. 3, from which it can be observed that wind velocity at 215 
inlet varies with the proposed power law. 216 
𝑉 = 𝑉R (
𝐻
𝐻R
)
1 7⁄
  (9) 217 
Wind stream is considered to be fully turbulent in farfield and thus is solved by Fluent RNG k-ɛ model. To suppress 218 
turbulent viscosity in porous stockpile, laminar zone option is enabled. Many works [9, 22, 23, 25-27, 30, 36, 37, 40] 219 
have also suggested natural convection is also a possible mechanism of oxygen transport so full buoyancy effect is also 220 
activated in this model. Like previous works conducted by Yuan and Smith [35, 36], two-step simulation approach is 221 
used: (i) a simulation is conducted firstly without turning on chemical reaction and heat source to obtain a steady flow in 222 
the farfield and stockpiles; (ii) the transient simulations with surface wall reaction and heat source are conducted using 223 
the steady flow field as the initial conditions. As substantial coal adiabatic testing data indicated the temperature of coal 224 
would take off after 70oC [6-8] and therefore 363K is considered as the critical temperature because ambient temperature 225 
is assumed as 293K in this study. The simulation terminates once maximum temperature of any of the three stockpiles 226 
reaches 363K or alternatively, it stops running till 90 days to save computation load. Important input parameters of the 227 
model are listed as Tab. 1 in which low-temperature coal oxidation kinetic parameters are derived from Taraba’s model 228 
[39]. The initial and boundary conditions for the model are also tabulated in Tab. 2 in which it should be noted that the 229 
initial conditions are listed in terms of steady flow field. 230 
4.2 Model validation 231 
This model is validated using published data [34, 36, 39]. To validate the model in more details, an additional model with 232 
similar geometric parameters to Taraba’s model [39] is established; refer Fig. 4(a). Moghtaderi et al. [34] and Taraba et 233 
al. [39] both reported that a wake region was induced right after wind passes a stockpile. This model also identifies this 234 
wake region. In addition they also suggested the greatest pressure is exerted on the front face of the pile (windward side) 235 
with a marked drop in pressure at the top of the pile before leveling off. This quantity of pressure drop is presented in 236 
non-dimensional term using the concept of a pressure coefficient [52]. The pressure coefficient, φ, is defined via 237 
φ= 2(𝑃−𝑃R)
𝜌a𝑉
2   (10) 238 
Fig. 4(a) shows the distribution of the pressure coefficient around the validation stockpile at 4m/s wind velocity. As can 239 
be seen, the shape of the pressure coefficient curve of this model is very similar to those reported by Moghtaderi et al. 240 
[34] and Taraba et al. [39] and the characteristic movement of interior vectors also resembles Taraba’s model. Hence it is 241 
possible to be deemed that flow field produced by the proposed model is viable. 242 
 243 
To examine validity of transient temperature rising of the model, an appropriate time step must be selected. Yuan and 244 
Smith [36] used one minute time step to simulate self-heating of coalbed and the result was validated by real 245 
experimental data in a testing chamber. Based on the previous experience, various time steps (30 seconds, one minute, 246 
two minutes, five minutes, and one hour) are studied in this model. It is reconfirmed one minute time step would produce 247 
a rational result without incurring too much computation load. In addition various meshing sizes are studied and the mesh 248 
independence check suggests that the proposed mesh setting is able to produce a rational result. Slightly more than two 249 
thousand iterations are required to reach a convergence of the first-step steady flow field. For the subsequent transient 250 
calculation, one thousand iterations were conducted for each time step to render less residual errors for next time step and 251 
after running a few initial steps the result reaches convergence for all the remaining time steps. Fig. 5 shows the 252 
comparison of maximum temperature rising profile between Taraba’s model and the validation model at low-temperature 253 
range. It is found the two models report alike and almost linear maximum temperature rising rate at low temperature 254 
range. The validation model indicates a slightly slower temperature rising rate and the difference might attribute to the 255 
non-equilibrium thermal approach and slightly different model setting. In this regard the model is considered to be robust 256 
and viable in simulating both steady wind flow field and unsteady heat transfer field.  257 
5 Results and parametric analysis 258 
5.1 Base model result 259 
Fig. 3 has reported the wind velocity contour of farfield domain of the base model. It can be seen velocity builds up as 260 
wind encounters the first stockpile and then significantly drops after wind passes each stockpile especially at the regions 261 
between two stockpiles. It is suspected stockpile A will have the largest quantity of interior airflow than that of the other 262 
two stockpiles due to the direct confrontation to wind of stockpile A and a wake region will be induced at the leeward of 263 
each stockpile. Fig. 6 illustrates the wind stream vector in both farfield and stockpiles. Three wake regions, namely wake 264 
region 1, 2, and 3, at the leeward of each stockpile are identified and it appears they are becoming increasingly confined. 265 
Fig. 7 shows exterior pressure drop around the three stockpiles. It can be observed pressure drops as long as wind stream 266 
encounters or leaves a stockpile and the magnitude of the pressure drop follows the order: A>C>B. Greater pressure drop 267 
normally signifies more availability of airflow inside stockpile and it can thus be postulated the order of maximum 268 
temperature rising rate will follows the same order. To examine airflow travel path inside coal stockpile more 269 
fundamentally, interior pressure distribution must be well studied because airflow inside stockpile is greatly driven by 270 
pressure gradients. Fig. 8 illustrates gauge pressure distribution and velocity vectors inside of the stockpiles and main air 271 
flow travel paths (dash black line) are also sketched based on the pressure gradients. In stockpile A (Fig. 8 (a)), a very 272 
low pressure zone is induced at upper-left corner of the stockpile and the largest pressure exerts at the bottom of 273 
windward side. Therefore most of the air would travel along path 1 and a hot spot is more readily to evolve along this 274 
path due to the significant pressure gradient. Air can also migrate to stockpile along path 2a and 2b due to back flow 275 
induced by wake region 1. The low pressure zone is also able to suck air from top surface of the stockpile, which created 276 
airflow travel path 3. Hot spot hardly evolves along path 2a due to long travel distance but coal locates at path 3 and 2b 277 
can be seriously oxidised because of short travel distance. Interestingly a converged airflow is created where airflow 278 
along path 1 encounters airflow along path 2a and the phenomena was termed as “chimney” effect which was reported to 279 
be ascribed to natural convection [23] but in this case it appears the phenomena is mainly generated by forced convection. 280 
In stockpile B (Fig. 8 (b)), two slightly low pressure zones (zone A and zone B) are induced at both upper corners of the 281 
stockpile. The easiest flow path is path 1a due to more appreciable pressure gradient and shorter travelling distance and 282 
therefore hot zone is expected to develop along this path. Likewise weak airflow can transport along path 2a while 283 
moderate airflow can permeate along path 3 and 2b and coal located at these zones is likely to be deteriorated. The 284 
“chimney” effect airflow is likely to locate at centre of the stockpile due to more balanced pressure gradients present at 285 
both sides. In stockpile C (Fig. 8 (c)), the airflow behaviour resembles that of stockpile B except that the “chimney” 286 
airflow moves towards to leeward side because more appreciable pressure gradients exerted at windward side. It is 287 
postulated that location of hot spot and deteriorated coal of stockpile C is similar to that of stockpile B.  288 
 289 
Fig. 9 depicts the progressive consumption of oxygen of the three stockpiles of the base model at 5, 10, 15, and 20 days 290 
respectively. There is very low concentration of oxygen in deep region of stockpiles due to the high resistance of oxygen 291 
ingress. The high oxygen concentration zone of stockpile A locates at windward side because of direct confrontation to 292 
wind. For stockpiles B and C, high oxygen ingress region favours the two upper corners which are also the low pressure 293 
zones from Fig. 8. It is postulated self-heating hazard would develop at these high oxygen concentration zone. As can be 294 
seen from Fig. 10, the self-heating favourable zones of the three stockpiles indeed all locates at high oxygen 295 
concentration zone and the volume of coal being oxidised of stockpile A is much larger than the other two stockpiles. 296 
The maximum temperature rising rates of the three stockpiles are also plotted, refer Fig. 11 in which the overall trend of 297 
temperature rising rate, as predicted, is A>C>B but the rising rate of stockpile C overlaps with that of stockpile B after 40 298 
days as a possible result of oxygen depletion. To further examine the transport pattern of gaseous product liberated from 299 
coal oxidation inside the stockpiles, the contours of CO2 are also captured, refer Fig. 12. It is noticeable high 300 
concentration of this carbonic gas is retained in the interior of the stockpiles. A possible explanation is the production 301 
rate of the gaseous product outweighs its dissipation rate due to weak airflow inside of stockpiles. Additionally it can be 302 
found the highest accumulation of CO2 develops at leeward side for stockpile A due to the insufficient dilution of weak 303 
backflow, while at windward side and beneath top for stockpile B and C, which implies the air leakage along path 1b and 304 
3 (Fig. 8-b, c) is not sufficiently strong to disperse the high concentration of CO2 and the “chimney” effect would induce 305 
a high concentration of CO2 zone beneath the top of stockpiles. Considering the emission of greenhouse effect gases 306 
contributed from low-temperature oxidation and spontaneous combustion of coal stockpile has been recently regarded as 307 
a highly concerned issue [16], the characteristic flow pattern of CO2 dispersion and transport at exterior of stockpiles is 308 
also investigated, refer Fig. 13. It is not hard to observe that more CO2 is generated as self-heating of coal stockpile 309 
advances and CO2 tends to accumulate at regions between two stockpiles. The high concentration of carbonic gases may 310 
raise another safety issue if coal operators were under exposure of such concentrated carbonic gas for a long period of 311 
time. 312 
5.2 Parametric study 313 
5.2.1 Wind velocity 314 
Fig. 14 shows temperature contours of the three stockpiles after 30 days at different wind velocities and Fig. 15 shows 315 
maximum temperature rising profiles of the three stockpiles at various wind velocities. It can be seen wind velocity has 316 
significant influences on spontaneous heating process and volume of coal being seriously oxidised of the three stockpiles 317 
especially stockpile A. Both maximum temperature rising rate and volume of deteriorated coal considerably increase at a 318 
higher wind velocity. For example, if wind velocity is as low as 2 m/s, maximum temperatures of the three stockpiles are 319 
not able to reach critical value in 90 days. For the highest wind velocity 6m/s, maximum temperature of stockpile A 320 
reaches 363K in one month; whilst for medium wind velocity 4m/s, the incubation period prior to the critical temperature 321 
for stockpile A is 48 days. As previously discussed stockpile A stands like a wind barrier to stockpiles behind it, it is not 322 
surprised to notice maximum temperature rise rate of stockpile B and C is slower than that of stockpile A even at various 323 
wind velocities. In practical, wind barrier has been proposed as a possible control to coal stockpile spontaneous 324 
combustion hazard [53]. The coal oxidation at low wind velocity might give off less amount of carbonic gas but it would 325 
be more difficult to dilute the gases product, refer Fig. 16. It can be found the increased wind velocity can disperse the 326 
generated CO2 more effectively and high wind velocity therefore might be a favourable parameter in this regard. 327 
5.2.2 Spacing 328 
As stockpile A is essentially a wind barrier to stockpile B and C, if stockpiles stacked behind stockpile A are located 329 
within wake region of stockpile A, it is postulated the maximum temperature rising rate will always lag behind stockpile 330 
A. Flow field for a single stockpile is performed and it is found the wake region is approximately 70m in length as wind 331 
velocity is 4m/s, side slope is 50o, and height of stockpile is 10m. Therefore spacing 5m, 20m, and 40m are chosen to 332 
examine effects of spacing within wake region and 80m is selected to compare wide spacing out of wake region. To 333 
acquire more understandings of effects of different positions of coal stockpiles, pressure profile around them must be 334 
well studied because pressure drop is the main driver of the airflow advection. The pressure coefficient profiles of 335 
different spacing of stockpiles are plotted, refer Fig. 4 and Fig. 17. It is indicated that different spacing almost have no 336 
effects on pressure coefficient distribution of stockpile A and it is plausible to predict that the self-heating behaviour of 337 
stockpile A will remain unchanged. It is also found pressure drops increasingly steeper with wider spacing when wind 338 
encounters stockpile B and C, which implies more airflow would be introduced to the stockpiles and more heat would be 339 
generated. Fig. 18 shows the maximum temperature rising rates of the three stockpiles with various spacing. It is obvious 340 
spacing has little influence on stockpile A and maximum temperature develops more rapidly of stockpile B and C with 341 
wider spacing due to larger pressure variation. The maximum temperature rising profiles of stockpile B and C gradually 342 
approach to stockpile A with increasingly wider spacing.  It appears stockpiles B and C lose most of the “protection” of 343 
stockpile A with wider spacing. Inversely, maximum temperature rising profiles of stockpile B and C gradually separate 344 
with stockpile A as geometrically approach to stockpile A. Fig. 19 shows temperature contour of stockpile B with 345 
different spacing at 30 day. It is quite clear the hot spot zone (350K) is gradually enlarged with wider spacing and the 346 
volume of deteriorated coal slightly grows as well. Stacking stockpiles in very proximity may reduce risk of self-heating 347 
hazard but would result a high concentration of carbonic gases zone at areas between two stockpiles, refer Fig. 20. If the 348 
three stockpiles were closely stacked in 5m spacing, very high concentration CO2 would be present at these zones. 349 
Therefore more assessments should be implemented upon final decision of how wide the stockpiles should be located at a 350 
given context.  351 
5.2.3 Porosity or compaction 352 
Three porosity (i.e. 0.1, 0.2, 0.3) are selected to represent three compaction extents of coal stockpile, namely densely 353 
packed, slightly packed, and loosely packed. Fig. 21 illustrates the maximum temperature rising profiles of the three 354 
stockpiles with the three compaction degrees. It is found the temperature rate significantly drops if stockpiles are densely 355 
packed due to high resistance to oxygen ingress. It spends 85 days to reach the critical temperature for stockpile A and it 356 
only reaches 340K for stockpile B. Whilst for porosity 0.2, it spends only 48 days for stockpile A to reach 363K and only 357 
21 days for stockpile B reach 340K. Interestingly maximum temperature rising rate of slightly packed stockpile is slower 358 
than that of loosely packed stockpile at the initial stage of coal oxidation. However after roughly one month the highest 359 
temperature of slightly packed stockpile surpasses that of loosely packed stockpile. A possible explanation is available 360 
oxygen of loose stockpile is more abundant than a slightly packed stockpile initially but with consumption and depletion 361 
of oxygen, it appears convective heat dissipation becomes dominant. This can be possibly demonstrated by Fig. 22 in 362 
which hot spot is moving deeper in more porous stockpile because of more heat being dissipated by convection while in 363 
deep stockpile oxygen concentration becomes too low to sustain a high rate of oxidation reaction. The abnormal effect of 364 
high porosity has been reported previously but at a slightly higher temperature [27]. In addition it can be seen the volume 365 
of oxidised coal substantially increases with more loosely packed stockpile. Therefore porosity less than 0.2 is 366 
recommended if coal is expected to be stored for a long run and porosity less than 0.3 is recommended if caking property 367 
and calorific value of  coal needs to be retained. Densely packed stockpile has additional benefit due to its low emission 368 
of greenhouse effect gas, refer Fig. 23. The accumulation of CO2 is much alleviated between stockpile A and B, and 369 
slightly diluted between stockpile B and C. 370 
5.2.4 Height 371 
In Australia Hunter Valley power station pile height lower than 4.5m is suggested for long run storage. To maintain the 372 
discreetness of the study, higher stockpiles (5m, 7.5m, 10m) will be studied because it has been indicated higher 373 
stockpile is less safe in terms of coal spontaneous combustion [9, 13, 27]. As can be seen from Fig. 24, maximum 374 
temperature rising rate of stockpile A slightly slows down with greater height but the effects are limited. Maximum 375 
temperature rising rate of stockpile B and C also slightly slow down with lower height for a long run but initially lower 376 
stockpile may have faster temperature rising rate. For example, maximum temperature of 10m high stockpile B falls 377 
behind both 5m and 7.5m high stockpile B in the first 20 days. A possible reason is lower stockpile A weakens the 378 
“protection” to stockpile B and more air is attracted into stockpile B. With progress of self-heating, it becomes 379 
increasingly hard for lower stockpile B to contain the interior thermal energy and cause slow temperature rising rate after 380 
an initial period. From Fig. 25 it can be known the effects of different heights of stockpile on temperature contour and 381 
volume of deteriorated coal are very limited at low temperature range. The dispersion of CO2 in farfield with various 382 
stockpile heights is also studied. As can be seen from Fig. 26 CO2 is more readily to be diluted for lower stockpile 383 
because more airflow is introduced towards stockpile B and C due to less obstruction of stockpile A. Through above 384 
analysis it can be deducted lower stockpile can have two benefits: (i) reduce self-heating risk; (ii) facilitate dispersion of 385 
carbonic gases. However, lowering packing height of stockpile will meanwhile reduce the storage capacity of single 386 
stockpile so more comprehensive evaluation requires to be conducted. 387 
5.2.5 Slope 388 
Three slopes are studied in this work, namely 35o, 50o (the base model), and 65o representing gentle, normal, and steep 389 
stockpile respectively. It has been reported the self-heating problem can be alleviated when the slope is made gentler [27, 390 
30]. This study indicates a similar finding but merely for the first stockpile at low temperature range. As can be seen 391 
from Fig. 27, side slope has a strong effect on maximum temperature rising rate of stockpile A but has limited influence 392 
on stockpile B and C. Self-heating rate of stockpile A significantly reduces with gentler side slope. When stockpile is 35o, 393 
it is found initial self-heating rate of gentle stockpile B is faster than its steep stockpile but slows down for a long run. A 394 
possible reason is “protection” of stockpile A is considerably weakened with gentle slope and as a result of it, more air is 395 
directed to stockpile B. Fig. 28shows the evolution of hot spot with different slopes at 30 day. It can be seen hot zone of 396 
stockpile A is enlarged with steeper slope and little difference can be observed for stockpile B and C. In addition it 397 
appears volume of coal being oxidised slightly increases with steep side slope for stockpile A and little difference can be 398 
identified for stockpile B and C. The dispersion pattern of CO2 with different stockpile slopes is also investigated. As can 399 
be seen from Fig. 29, the high concentration of CO2 gas mixture can be better flushed with steep slope stockpile and 400 
therefore it needs to be further evaluated upon employing a gentle slope to alleviate the self-heating problem. 401 
6 Conclusion 402 
The phenomenon of self-heating of coal stockpile is a result of complex physical and chemical processes. Although this 403 
is a long-standing problem, complete understanding has never been fully grasped. To gain more insights of self-heating 404 
hazard on coal stockpile especially for the scenario where multiple stockpiles need to be constructed in proximity, a non-405 
equilibrium thermal model is developed with assistance of CFD code under conditions of wind flow. After validation of 406 
the proposed model a base model is selected and investigated in many details. It was found wind velocity builds up as it 407 
encounters the first stockpile and then significantly drops at the regions between two stockpiles where a wake region is 408 
expected to be induced. Exterior pressure drop around the three stockpiles is studied to provide more understanding of 409 
fluid dynamics involved in this problem. Interior pressure gradients distribution for the three stockpiles is further 410 
investigated to estimate the possible travel path of airflow in a more fundamental way. All the evidence indicates more 411 
airflow will be introduced into stockpile A than the other two stockpiles and therefore it is postulated stockpile A is like a 412 
wind barrier and very likely to lead the evolution of self-heating. The conjecture was then confirmed by maximum 413 
temperature rising profiles of the three stockpiles. The progressive consumption of oxygen and accumulation of gaseous 414 
products are also analysed to gain more insights in coal oxidation process. Liberation of carbonic gas and its flow pattern 415 
in the farfield is investigated to grasp more knowledge as greenhouse effect gas emission contributed from low 416 
temperature and spontaneous combustion of coal stockpile has attracted intensive attentions recently. Last not the least 417 
parametric analysis was conducted and several meaningful findings are listed: 418 
a) Stronger wind would promote evolution of self-heating hazard and increase volume of deteriorated coal but 419 
meanwhile facilitate dilution of the gaseous products; 420 
b) Different spacing has little influence on self-heating behaviour of the first stockpile and more closely stacked 421 
stockpiles has a slower temperature rising rate for the other two stockpiles but would result in undesirable 422 
accumulation of carbonic gases in the zones between two stockpiles; 423 
c) Porosity has significant influences on spontaneous heating process of the three stockpiles. Compaction might 424 
not always slow down maximum temperature rising rate but would considerably reduce volume of oxidised 425 
coal. Porosity less than 0.1 is recommended for long time storage of coal and porosity less than 0.2 is 426 
recommended for prevention of large volume of degraded coal; densely compaction of coal stockpile has 427 
another benefit in low emission of greenhouse effect gas; 428 
d) Lower coal stockpile is capable of prolonging induction period but the effect is very limited at low temperature 429 
range. Lower stockpile also facilitates dispersion of gaseous product of coal oxidation but storage capacity will 430 
be considerably reduced so more assessments required to be implemented; 431 
e) Gentle stockpile would slow down development of self-heating for stockpile A but initial temperature rising 432 
rate of behind stockpiles may increase because of weakened “protection” of stockpile A. High concentration of 433 
CO2 gas mixture can be better flushed with steep slope stockpile and thus comprehensive evaluations needs to 434 
be conducted upon using a gentle slope to alleviate the problem. 435 
This study has practical significance especially where multiple coal stockpiles are required to be stacked. This study is 436 
also potential to provide suggestions to optimise hazardous carbonaceous material management in process industry. 437 
Future work is underway to incorporate effects of moisture and possibly to extend the model to three dimensions to gain 438 
deeper understanding. 439 
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Fig. 1 A schematic overview of the simulation 569 
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Fig. 2 Mesh used in the simulation: (a) an overview; (b) a close-up view of stockpile A 578 
 579 
 580 
Fig. 3 Wind velocity contour of the farfield of the base model 581 
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(a) Validation model 585 
   586 
(b) Taraba’s model [39]                                                               (c) Moghtaderi’s model [34] 587 
Fig. 4 The variation of the pressure coefficient around stockpile 588 
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(a) Taraba’s model [39]                                                                     (b)Validation model 591 
Fig. 5 Validation of maximum temperature rising profile 592 
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Fig. 6 Airflow vector of the base model 595 
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Fig. 7 Distribution of the pressure coefficient around the three stockpiles for the base model 598 
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(c) Stockpile C 606 
Fig. 8 Gauge pressure (Pa) distribution and airflow travel paths inside the three stockpiles 607 
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Fig. 9 Oxygen contours (mass fraction) of three stockpiles of the base model after various periods 627 
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Fig. 10 Temperature (K) distribution of the three stockpiles of the base model after various periods 647 
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 649 
Fig. 11 The highest temperature rising (K) profiles of the three stockpiles of the base model 650 
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Fig. 12 CO2 contours (mass fraction) of three stockpiles of the base model after various periods 670 
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Fig. 13 CO2 dispersion (mass fraction) in farfield after various periods 679 
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Fig. 14 Temperature contours of the three stockpiles of base model with various wind velocities at 30 days  687 
 688 
 689 
Fig. 15 Maximum temperature rising profiles of base model with various wind velocities 690 
*A(2) denotes stockpile-A with 2m/s wind velocity 691 
 692 
 693 
 694 
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(c) 6m/s 699 
Fig. 16 CO2 dispersion (mass fraction) in farfield after 30 days at various wind velocities 700 
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(a) Spacing=5m 703 
 704 
(b) Spacing=40m 705 
 706 
(c) Spacing=80m 707 
Fig. 17 Distribution of the pressure coefficient around the three stockpiles with various spacings (wind velocity=4m/s, 708 
porosity=0.2, height=10m, and side slope=50o) 709 
 710 
 711 
Fig. 18 Maximum temperature rising profiles with various spacings (wind velocity=4m/s, porosity=0.2, side slope=50o, and 712 
height=10m) 713 
*A(5) denotes stockpile-A with 5m spacing 714 
 715 
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(a) Spacing=5m                                                      (b) Spacing=20m 717 
 718 
(c) Spacing=40m                                                     (d) Spacing=80m 719 
Fig. 19 Temperature contour of stockpile B with various spacings (time=30 days, wind velocity=4m/s, porosity=0.2, side 720 
slope=50o, and height=10m) 721 
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(a) 5m 724 
 725 
(b) 20m 726 
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(c) 40m 728 
 729 
(d) 80m 730 
Fig. 20 CO2 dispersion (mass fraction) in farfield with various spacing (wind=4 m/s, time=30 days) 731 
 732 
 733 
Fig. 21 Maximum temperature rising profiles with different porosities (wind velocity=4m/s, spacing=20m, side slope=50o, and 734 
height=10m) 735 
*A(0.3) denotes stockpile-A with 0.3 porosity 736 
 737 
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(a) Porosity=0.1 739 
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(b) Porosity=0.2 741 
 742 
(c) Porosity=0.3 743 
Fig. 22 Temperature contours of the three stockpiles with different porosities (time=30 days, height=10m, side slope=50o, and 744 
spacing=20m) 745 
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(c) 0.3 752 
Fig. 23 CO2 dispersion (mass fraction) in farfield with various porosities (wind=4 m/s, time=30 days) 753 
 754 
 755 
Fig. 24 Maximum temperature rising profiles with different heights (wind velocity=4m/s, spacing=20m, side slope=50o, and 756 
porosity=0.2) 757 
*A(5) denotes stockpile-A with 5m height 758 
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(a) Height=5m 761 
 762 
(b) Height=7.5m 763 
 764 
(c) Height=10m 765 
Fig. 25 Temperature contours of the three stockpiles with different heights (time=30 days, porosity=0.2, side slope=50o, and 766 
spacing=20m) 767 
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(c) 10m 774 
Fig. 26 CO2 dispersion (mass fraction) in farfield with various heights (wind=4 m/s, time=30 days) 775 
 776 
 777 
Fig. 27 Maximum temperature rising profiles with different side slopes (wind velocity=4m/s, spacing=20m, height= 10m, and 778 
porosity=0.2) 779 
*A(35) denotes stockpile-A with 35o side slope 780 
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Fig. 28 Temperature contours of the three stockpiles with different side slopes (time=30 days, porosity=0.2, height=10m, and 788 
spacing=20m) 789 
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Fig. 29 CO2 dispersion (mass fraction) in farfield with various slopes (wind=4 m/s, time=30 days) 797 
 798 
Tab. 1 Important input parameters in this model 799 
Specific heat capacity of coal 1300 J kg-1 K-1 
Apparent activation energy 22 kJ mol-1 
Heat of coal oxidation 300 kJ mol-1 O2 
Apparent order of reaction 1 
 
Arrhenius pre-exponential factor 1.8 s-1 
Gravitational acceleration 9.8 m s-2 
Diameter of coal particle 1 cm 
Heat transfer coefficient 3 W m-2 K-1 
Density of coal 1400 kg m-3 
Thermal conductivity of coal 0.2 W m-1 K-1 
 800 
Tab. 2 Initial and boundary conditions employed in this model 801 
Condition Gas flow O2 transport CO2 transport CO transport Temperature 
Initial conditions V=0 (m/s) Co=0 Ci=0 Cj=0 293K 
Boundary 
conditions 
Inlet (x=0) 
Velocity 
inlet 
Co=0.23 (mass 
fraction) 
Ci=0 Cj=0 293K 
Upper wall 
(y=50) 
No flux No flux No flux No flux Adiabatic 
Lower wall 
(y=0) 
No flux No flux No flux No flux Adiabatic 
Interface 
Convection 
flux 
Diffusion and 
convection flux 
Diffusion and 
convection flux 
Diffusion and 
convection flux 
Conduction and 
convection 
Outlet 
(x=400) 
Outflow - - - - 
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